Two isoforms of the 70-kDa ribosomal protein S6 kinase, S6K1 and S6K2, have been identified and are considered key downstream effectors of the mTOR signaling pathway, which is involved in tumor growth and progression. However, their biological roles in the tumor microenvironment are poorly understood. In this study, utilizing tumor xenograft models in S6k1 −/− and S6k2 −/− mice, we show that loss of S6K1 but not S6K2 in the tumor stroma suppresses tumor growth, accompanied by attenuated tumor angiogenesis. We found that while S6K1 depletion had no effect on the proangiogenic phenotype of endothelial cells, the growth and angiogenesis of tumor xenografts were significantly reduced in wild-type mice upon reconstitution with S6K1-deficient bone marrow cells. Furthermore, upon S6K1 loss, induction of both mRNA and protein levels of Hif-1α and those of the downstream target, Vegf, was compromised in bone marrow-derived macrophages stimulated with lactate. These findings indicate that S6K1 but not S6K2 contributes to establishing a microenvironment that favors tumor growth through mediating angiogenesis, and suggest that attenuated tumor angiogenesis upon loss of S6K1 in the tumor stroma is, at least in part, attributable to impaired upregulation of Vegf in tumor-associated macrophages.
Interactions between tumor cells and their surrounding microenvironment are crucial for tumorigenesis [1] . Indeed, many cellular and molecular factors in the tumor stroma, including fibroblasts, immune cells, endothelial cells, cytokines, chemokines, growth factors, and extracellular matrix, have been identified and shown to contribute to tumor growth and progression through angiogenesis, immune evasion, extracellular matrix remodeling, and metastasis [2, 3] . Therefore, delineation of signaling networks involved in conferring the microenvironment with tumor-promoting properties is essential for fully understanding tumorigenesis and has significant clinical implications.
Mammalian target of rapamycin (mTOR), a serine/threonine kinase belonging to the phosphatidylinositol-3-OH kinase-related kinase family, is a master regulator in signal transduction pathways coupling mitogenic and nutrient stimuli to cell proliferation, survival, motility, and metabolism [4] . Extensive studies on mTOR have revealed its fundamental roles in the control of various cellular processes including protein synthesis and turnover, as well as its contribution to tumor growth and progression through altering translational and metabolic landscapes in tumor cells [4] [5] [6] . Indeed, deregulated mTOR signaling is frequently observed in many types of human cancer cells, supporting its pivotal role in tumorigenesis in a tumor cell-intrinsic manner [4] [5] [6] . In addition, accumulating evidence indicates that mTOR signaling is involved in regulating the tumorpromoting behaviors of various types of cells other than tumor cells within the tumor microenvironment, such as tumor-associated fibroblasts (TAFs), endothelial cells, myeloid-derived suppressor cells (MDSCs), tumorassociated macrophages (TAMs), and regulatory T cells, suggesting that mTOR signaling contributes to tumor growth and progression not only in a tumor cell-intrinsic manner but also in a tumor cell-extrinsic manner [7] . However, despite the emerging roles of mTOR in the tumor microenvironment, its downstream signaling pathways are poorly elucidated.
The 70-kDa ribosomal protein S6 kinase (S6K) is a major downstream effector of mTOR [8] . Upon activation by mTOR-dependent phosphorylation, S6K enhances protein synthesis from mRNA templates by promoting translational initiation and elongation through phosphorylation of its targets, including eukaryotic translation initiation factor 4B, eukaryotic elongation factor kinase, and 40S ribosomal protein S6, thereby contributing to mTOR-mediated translation control of gene expression in response to mitogenic and nutrient stimuli [8] . In addition, S6K mediates metabolic shifts triggered by mTOR activation via direct regulation of metabolic enzymes as well as activation of key metabolic transcription factors such as hypoxia-inducible factors (HIFs) and sterol regulatory element binding proteins [9] [10] [11] . Recent studies have shown that S6K also participates in regulation of gene expression at the transcriptional level by modifying histone proteins or recruiting transcriptional corepressors to the nucleus [12, 13] , suggesting that S6K mediates mTOR signaling through both translationdependent and -independent mechanisms. While extensive research has delineated the functions of S6K in mediating mTOR signaling in tumor cells [14] , only a few studies have reported the downstream role of S6K1 in the tumor stroma [15, 16] ; thus, its contribution to the tumor microenvironment remains unclear.
Two isoforms of S6K, S6K1 and S6K2, have been identified and are considered to have redundant functions based on significant sequence homology in their catalytic domains and ubiquitous expression of their mRNAs in all mouse and human tissues examined [8, 14] . However, recent studies have revealed differences in subcellular localization, upstream regulation, and downstream targets of these isoforms [14] . In addition, S6k1
−/− and
S6k2
−/− mice were found to exhibit distinct patterns of embryonic development [17] . This evidence suggests that each S6K isoform has a distinct role in tumorigenesis. Indeed, S6K1 but not S6K2 was reported to be essential for insulinoma formation triggered by constitutively active Akt1 expression in the mouse pancreas [18] . However, little is known about the roles of the two S6K isoforms in mTOR signaling with regard to establishment of a tumor microenvironment. Therefore, in this study, we examined the effect of loss of each isoform from the tumor stroma on tumor growth and addressed the underlying cellular and molecular mechanisms utilizing xenograft tumor models in genetically engineered mice with either S6k1 or S6k2 deleted.
Materials and Methods

Mice
S6k1
−/− and S6k2 −/− mice with a C57BL/6 background were a kind gift from Dr. Sara Kozma and Dr. George Thomas (University of Cincinnati). Green fluorescent protein (Gfp)-transgenic mice on a C57BL/6 background were kindly provided by Dr. Jae Hyeon Kim (Samsung Medical Center, Sungkyunkwan University School of Medicine). Wild-type C57BL/6 mice were obtained from Jackson Laboratories. To generate Gfp mice knockouts of either S6k1 or S6k2, Gfp mice were crossed with S6k1 −/− and S6k2 −/− mice, and their genotypes were determined by polymerase chain reaction (PCR) analysis of genomic DNA isolated from toe biopsies as described previously [17, 19, 20] . All animal studies were approved by the Institutional Animal Care and Use Committee of Sungkyunkwan University School of Medicine and performed at the Laboratory Animal Research Center of Sungkyunkwan University School of Medicine (permit no. 001004). The Laboratory Animal Research Center is a registered research facility with the Association for Assessment and Accreditation of Laboratory Animal Care International and is committed to complying with the guide for the care and use of laboratory animals of the National Research Council of the United States.
Cell Lines
The B16F10 melanoma cell line was purchased from American Type Culture Collection. The Lewis lung carcinoma (LLC) cell line was a kind gift from Dr. Sandra Ryeom (Perelman School of Medicine at the University of Pennsylvania). Tumor cell lines were grown in DMEM medium (WelGENE) supplemented with 10% fetal bovine serum (FBS, Gemini BioProducts), 2 mM L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin (WelGENE). The murine fibroblast cell line L929 was obtained from the American Type Culture Collection and cultured in RPMI-1640 medium containing 10% FBS, 2 mM L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin. All cell lines were maintained at 37°C in a humidified atmosphere of 5% CO 2 .
Tumor Xenografts Studies
A total of 5 × 10 5 LLC or B16F10 cells resuspended in 100-μl phosphate-buffered saline (PBS, Sigma) were inoculated subcutaneously into 6-to 8-week-old S6k1
, and wild-type male mice. Growth of tumors was then monitored by measuring tumor volume using digital calipers every 3 or 5 days. To generate a tumor xenograft model in bone marrow-transferred mice, 10 6 B16F10 cells in 100 μl PBS were injected into the subcutaneous region of recipient mice at 5 weeks after bone marrow transplantation. Diameters of implanted tumors were then measured with digital calipers every 3 or 4 days for 31 days after injection. Tumor volume was calculated as 0.52 × length × width 2 [21] .
Immunohistochemistry
Mice were euthanized by CO 2 asphyxiation, and tumors were harvested and fixed in 10% neutral buffered formalin. Paraffin-embedded sections of tumors were prepared and immunostained with rabbit polyclonal anti-CD31 and mouse monoclonal anti-α-smooth muscle actin (α-SMA) antibodies (Abcam) followed by further incubation with goat anti-rabbit IgG Alexa 594 and goat anti-mouse IgG Alexa 488 antibodies (ThermoFisher Scientific) as described previously [22] . Sections were then counterstained with 0.5 μg/ml 4′,6-diamidino-2-phenylindole (Sigma) to visualize cell nuclei, mounted, and examined under a fluorescence microscope (Carl Zeiss).
Microvessel density (MVD) and pericyte coverage were quantified in three to five randomly selected high-power fields per tumor. CD31-positive area, the area positive for both CD31 and α-SMA, and the total tumor area were measured using ImageJ software (National Institute of Health). MVD and pericyte coverage were then determined as a percentage of the CD31-positive area per field and a percentage of α-SMA-positive pericyte surface area covering the CD31-positive capillary surface area, respectively.
Primary Endothelial Cell Isolation
One-to 2-week-old mice were euthanized, the lungs removed, and primary endothelial cells isolated by sequential staining with FITC-conjugated rat monoclonal anti-ICAM-2 (Southern Biotech) and microbead-conjugated monoclonal anti-FITC (Miltenyi Biotec) antibodies followed by magneticactivated cell sorting on MS columns (Miltenyi Biotec) as described previously [22] . Cells were then plated into a tissue culture flask (ThermoFisher Scientific) coated with 0.1% gelatin (Sigma) and grown in complete growth medium (advanced DMEM supplemented with 25 mM HEPES) (ThermoFisher Scientific), 100 μg/ml heparin (Sigma), 100 μg/ml endothelial cell growth supplement (ECGS, Biomedical Technologies), 20% FBS, 2 mM L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin). The purity of isolated endothelial cells was determined using immunostaining for CD31 followed by examination under a confocal microscope (Carl Zeiss), and cells between passages 2 and 6 were used for experiments. primary endothelial cells were plated on gelatin-coated 12-mm coverslips (Neuvitro Corporation), incubated overnight, and grown in complete growth medium for 48 hours. Cells were also incubated overnight, serumstarved for 24 hours, and treated with 50 ng/ml VEGF for 48 hours. Cells were then pulsed with 10 μM BrdU (Sigma) for 1 hour and probed with rat monoclonal anti-BrdU (Abcam) and anti-CD31 antibodies followed by incubation with goat anti-rat IgG Alexa 594 and goat anti-rabbit IgG Alexa 488 antibodies (ThermoFisher Scientific) to detect BrdU uptake and to identify endothelial cells, respectively [23] . Cells were then counterstained with 0.5 μg/ml 4′,6-diamidino-2-phenylindole, and BrdU-positive endothelial cells were quantified using TissueFAXS scanning and TissueQuest analysis software (TissueGnostics GmBH).
Cell Proliferation
Tube Formation Assay
A total of 3 × 10 4 primary endothelial cells were resuspended in 100 μl OPTI-MEM (ThermoFisher Scientific) supplemented with 1% FBS, seeded in triplicate in 96-well tissue culture plates (ThermoFisher Scientific) coated with 100 μl of standard Matrigel (BD Biosciences), and incubated for 12 hours at 37°C in a CO 2 incubator. Images were then acquired from three different fields in each well using an inverted bright-field microscope (Nikon), and total tube lengths were measured using ImageJ software.
Apoptosis Assay
A total of 3 × 10 5 primary endothelial cells were plated in triplicate in a six-well tissue culture plate (ThermoFisher Scientific) coated with 0.1% gelatin and grown overnight. Cells were then incubated in starvation medium containing 50 ng/ml VEGF or starvation medium alone as a control. After 72 hours, cells were harvested and apoptotic cells were stained using the APC Annexin-V apoptosis detection kit (BD Biosciences) according to the manufacturer's instructions. Apoptotic cells were then quantified by flow cytometry using a FACS Canto II flow cytometer (Becton Dickinson).
Matrigel Plug Assay
Growth factor-reduced Matrigel (BD Biosciences) was mixed with 0.1 mg/ml heparin (Sigma), 200 ng/ml VEGF, and 600 ng/ml basic fibroblast growth factor (bFGF, BioLegend), and 300 μl of the Matrigel mixture was inoculated subcutaneously into the right flank of 6-to 8-week-old mice. The same volume of Matrigel combined with 0.l mg/ml heparin only was also injected into the subcutaneous region of the left flank of the mice as a control. At 7 days postinjection, Matrigel plugs were harvested from the mice, fixed in 10% formalin in PBS, embedded in paraffin, sectioned, stained for CD31 and α-SMA, and analyzed as described above.
Bone Marrow Transplantation
Bone marrow transplantation was performed as described previously [24] . Briefly, 6-week-old recipient mice were irradiated twice with a lethal dose of 6.5 Gy from a 137 Cs source at 4-hour intervals. Eight-to 10-week-old donor mice were euthanized, and bone marrow cells were isolated from tibias and femurs by flushing the bones with sterile RPMI-1640 medium and straining the cells through a 40-μm strainer. A total of 10 7 bone marrow cells from donor mice were then administered intravenously via the tail vein of irradiated recipient mice. After 5 weeks of recovery, recipient mice were injected subcutaneously with B16F10 cells, and the growth of implanted tumors was monitored as described above. At the end of the experiment, bone marrow reconstitution in recipient mice was verified by detecting GFP-positive cells in blood cells using flow cytometry.
Flow Cytometry
Mice bearing B16F10 and LLC tumors approximately 1000 mm 3 in volume were euthanized, and mononuclear cells were isolated from peripheral blood collected via eye bleeding and from the bone marrow obtained by flushing femurs. A single cell suspension of the tumors was prepared by mincing the tumors with a razor blade, homogenizing them by mechanical disruption, and incubating the homogenized tissue in 1 mg/ml of collagenase/dispase (Roche) and DNase I (Sigma) in RPMI-1640 medium as described previously [25] . Red blood cells were removed by incubation in ammonium-chloride-potassium (ACK) lysis buffer (ThermoFisher Scientific), and cells were incubated with 1 μg of anti-mouse CD16/32 antibody (eBioscience) per 10 
Bone Marrow-Derived Macrophage Preparation
To prepare L929 cell-conditioned media containing macrophage colony-stimulating factor, 2.4 × 10 5 L929 cells were seeded in a 150-mm tissue culture plate and grown in 25 ml of RPMI-1640 medium supplemented with 10 mM HEPES, 10% FBS, 2 mM L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin for 1 week. Conditioned media were removed and replaced with fresh media every 7 to 8 days for 2 weeks. Collected media were then mixed at a 1:1 ratio, filtered through a 0.22-μm filter, aliquoted, and stored at −80°C until use. Bone marrow-derived macrophages (BMDMs) were prepared as described previously [26] . Briefly, 8-to 12-week old mice were euthanized, and bone marrow cells were harvested by flushing tibias and femurs with sterile RPMI-1640 medium. Red blood cells were lysed using ACK lysis buffer, and cells were plated on a 90-mm Petri dish (ThermoFisher Scientific) and allowed to differentiate into macrophages in RPMI-1640 medium supplemented with 10 mM HEPES, 15% FBS, 20% L929 cell-conditioned media, 2 mM L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin for 1 week and then used for experiments.
Enzyme-linked immunosorbent assay (ELISA)
To measure intratumoral Bv8 concentration, B16F10 and LLC tumor xenografts approximately 1000 mm 3 in volume were harvested from mice, minced into 1-mm 3 pieces, and lysed in radioimmunoprecipitation assay buffer supplemented with 10 mM NaF, 1 mM Na 3 VO 4 , 1 μM DTT, 1 mM PMSF (Sigma), and protease inhibitor cocktail (Roche). The concentration of Bv8 in tumor lysates was then measured using the mouse Prokineticin-2 ELISA kit (MyBioSource) according to the manufacturer's instruction and normalized to the total protein amount in the lysates.
To detect VEGF production in bone marrow-derived macrophages, 2.5 × 10 5 macrophages were seeded in hexiplicate in a 24-well tissue culture plate (ThermoFisher Scientific); grown overnight; serum starved in RPMI-1640 medium containing 1% FBS for 24 hours; and treated with 10 mM lactate, 100 μg/ml lipopolysaccharide (LPS) combined with 1 μM 5′-Nethylcarboxamidoadenosine (NECA), or starvation media alone as a control for 24 hours. Supernatants were then removed and assessed for VEGF concentration using the mouse VEGF Quantikine ELISA kit (R&D Systems) according to the manufacturer's instructions.
Real-Time PCR
A total of 2 × 10 6 BMDMs were plated in 60-mm tissue culture plates (ThermoFisher Scientific), grown overnight, serum starved for 24 hours, and treated with 10 mM lactate or starvation medium only as a control for 4 and 6 hours. Macrophages were then lysed with TRIZOL reagent (QIAGEN), and total RNA was purified using RNeasy columns (QIAGEN) according to the manufacturer's instructions. One microgram of total RNA was reverse transcribed to cDNA using the ImProm-II Reverse Transcription System (Promega) following the manufacturer's instructions. Quantitative real-time PCR was then performed on a QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) using Power SYBR Green PCR master mix (Applied Biosystems). The following primers were used to quantify Vegf and Hif-1α mRNAs in macrophages: murine Vegf forward 5′-CCA CGA CAG AAG GAG AGC AGA AGT CC-3′, reverse 5′-CGT TAC AGC AGC CTG CAC AGC G-3′; murine Hif-1α forward 5′-CAC CGA TTC GCC ATG GA-3′, reverse 5′-TTT CTT TTC GAC GTT CAG AAC TCA T-3′; murine β-Actin forward 5′-CCC GCC ACC AGT TCG CC-3′, reverse 5′-GAG GGA GAG CAT AGC CCT CG-3′.
Immunoblotting
A total of 2 × 10 6 BMDMs were plated in 60-mm tissue culture plates, grown overnight, serum-starved for 24 hours, and treated with 10 mM lactate for 4 and 6 hours. As an untreated control, macrophages were also incubated in starvation medium alone for 6 hours. Macrophages were harvested, lysed, separated on SDS-PAGE, and probed for HIF-1α (Bethyl Laboratories, Montgomery, TX) and β-actin (Sigma) as a loading control. Band intensities were quantified by densitometric analysis using ImageJ software, and relative gel densities were determined by normalizing to β-actin as described previously [27] .
Statistical Analysis
Two-tailed unpaired Student's t tests were used to determine the statistical significance of differences between groups, and P values less than .05 were considered to indicate a statistically significant difference.
Results
Loss of S6K1 But Not S6K2 in the Tumor Microenvironment Reduces Tumor Growth by Attenuating Tumor Angiogenesis
To explore the role of each S6K isoform in the tumor microenvironment during tumorigenesis, we investigated the growth of B16F10 and LLC xenografts in S6k1 −/− and S6k2 −/− mice ( Figure 1 ). While the growth of both B16F10 and LLC xenografts in S6k2 −/− mice was comparable to that of tumors implanted in wild-type controls, xenograft growth was significantly suppressed in S6k1 −/− mice, resulting in a dramatic decrease in tumor volume and weight by around 60% compared to tumors in control mice at days 20 and 25, respectively, after subcutaneous injection ( Figure 1, A-D) . These observations suggest that S6K1 but not S6K2 is required to establish a tumor-promoting microenvironment. Therapeutic inhibition of mTOR has been shown to restrain tumor growth through attenuating tumor angiogenesis as well as abrogating tumor cell proliferation [28] . To investigate the mechanism underlying the suppression of tumor growth observed in S6K1-deficient tumor stroma, we assessed MVD in B16F10 and LLC tumor xenografts from S6k1 −/− and S6k2 −/− mice as well as wild-type controls using immunostaining for CD31, an endothelial cell marker (Figure 2 ). In parallel with tumor growth, the mean CD31-positive area was significantly reduced in both B16F10 and LLC xenografts from S6k1 −/− but not from S6k2 −/− mice by up to 50%
and 41%, respectively, compared to wild-type controls (Figure 2 , A, B, D, and E). These data suggest that the suppression of tumor growth observed in S6k1 −/− mice is, at least in part, due to impaired angiogenesis in the absence of S6K1-mediated signaling in the tumor stroma, lending support to our hypothesis that S6K1 but not S6K2 is essential for creating a microenvironment that favors tumor growth. Coverage of the neovasculature by pericytes is crucial for vessel maturation and stability and thus is an important step in the angiogenic process [29] . In addition, a defect in pericyte coverage of the tumor vasculature has been shown to reduce tumor growth [30] . Therefore, we also investigated how loss of each S6K isoform affected the recruitment of pericytes to the tumor vasculature (Figure 2, A, C, D, and F) . Assessment of the CD31-positive area covered by pericytes using immunostaining for α-SMA, a pericyte marker, revealed that the α-SMA-positive area of tumor microvessels in both B16F10 and LLC tumors remained unchanged in the absence of either S6K1 or S6K2 compared to wild-type controls, suggesting that loss of S6K1 in the tumor stroma attenuates tumor angiogenesis without affecting pericyte coverage.
Loss of S6K Isoforms Does Not Attenuate the Angiogenic Activity of Endothelial Cells Either In Vitro or In Vivo
mTOR inhibition has been shown to dampen proangiogenic activation of endothelial cells, which are major players in tumor angiogenesis [28] . Therefore, we examined whether loss of S6K isoforms, especially S6K1, interfered with endothelial activation and thus resulted in attenuated tumor angiogenesis in our mouse tumor xenograft models. We first isolated primary endothelial cells from S6k1 −/− , S6k2 −/− , and wild-type mice and confirmed the expression of S6K isoforms in those cells by immunoblotting ( Figure S1 ). We then examined the effect of loss of S6K isoforms on the angiogenic phenotypes of endothelial cells in vitro (Figure 3) . Proliferation of wild-type endothelial cells grown in complete growth medium as assessed by both cell counting and BrdU incorporation was not significantly different from that of endothelial cells deficient for each S6K isoform ( Figure 3, A and B) . To further investigate whether loss of individual S6K isoforms affected endothelial cell proliferation triggered by a specific proangiogenic factor, cell proliferation was also measured in S6k1 −/− , S6k2 −/− , and wild-type endothelial cells as a control after treatment with VEGF, a major angiogenic factor involved in tumor angiogenesis ( Figure 3, C and D) . Similar to endothelial cells grown in complete growth medium, neither S6K1 nor S6K2 deficiency resulted in any significant change in cell count or BrdU-positive cell population compared with wild-type endothelial cells after VEGF treatment. In addition, tubulogenic activity assessed by a tube formation assay revealed that loss of either S6K1 or S6K2 by endothelial cells did not impair their capillary tube forming potential compared to wild-type controls ( Figure 3E ). Furthermore, neither S6k1 −/− nor S6k2 −/− endothelial cells exhibited alterations in the cell population undergoing apoptosis upon serum depletion or cell survival facilitated by VEGF compared to wild-type controls ( Figure 3F ). 
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To further verify our in vitro observations, we examined the effect of loss of S6K isoforms on endothelial cell invasion and microvessel formation induced by proangiogenic factors in vivo using a Matrigel plug assay (Figure 4) . In all mice examined, a dramatic increase in blood influx and CD31-positive area was observed in Matrigel implants containing VEGF and bFGF compared to those mixed with heparin only as a negative control (Figure 4, A and B) . However, neither S6k1 −/− nor S6k2 −/− mice had significant alterations in MVD in the Matrigel plugs compared to wild-type controls (Figure 4 , B and C). In addition, quantitation of the CD31-positive area covered by pericytes showed no defects in pericyte recruitment to newly formed blood vessels upon loss of S6K isoforms ( Figure 4D ), supporting our hypothesis that S6K signaling is dispensable for pericyte coverage of the tumor vasculature. Taken together, our in vitro and in vivo data indicate that neither S6K1 nor S6K2 is necessary for proangiogenic activation of endothelial cells; thus, the suppressed tumor angiogenesis and growth observed in S6k1 −/− mice is not due to a defect in endothelial cells. , and wild-type endothelial cells incubated in 50 ng/ml VEGF in starvation medium, starvation medium only, or complete growth medium as controls for 72 hours. Scale bars: 50 μm. Data are presented as means ± SEM.
Loss of S6K1 But Not S6K2 in Bone Marrow-Derived Cells Results in Reduced Tumor Angiogenesis and Growth
Bone marrow-derived cells, especially immune cell subsets such as macrophages and MDSCs, are essential for initiating and driving tumor angiogenesis [3] . In addition, mTOR signaling has been shown to be required for the recruitment of immune cells to the tumor microenvironment as well as their differentiation and activation [7] .
To identify cellular factors responsible for the attenuated tumor angiogenesis and growth observed in S6k1 −/− mice, we generated Gfp mice deficient for each S6K isoform, namely, S6k1 −/− ;Gfp and S6k2 −/− ;Gfp mice, transplanted bone marrow cells from those mice and wild-type Gfp mice as a control into lethally irradiated wild-type mice, and monitored the growth of B16F10 xenografts in the recipients (Figures 5 and S2 ). As expected, transplantation of S6k2 −/− ;Gfp bone marrow cells did not impair the growth of B16F10 tumors compared to the wild-type control ( Figure 5, A and B) . However, similar to the tumor growth observed in S6k1 −/− mice (Figure 1 ), the growth of B16F10 xenografts was attenuated in mice that received bone marrow cells from S6k1 −/− ;Gfp donors, resulting in a significant reduction in the mean volume and weight of the tumors by 46% and 54% compared to those of wild-type controls at day 31 after subcutaneous injection ( Figure 5, A and B) . In addition, quantification of the CD31-positive area in xenografts revealed that MVD was significantly decreased (by around 60%) in B16F10 tumors implanted in mice reconstituted with S6k1 −/− ;Gfp bone marrow cells compared to that of wild-type recipient controls ( Figure 5C ). These observations indicate that the reduced tumor angiogenesis and growth observed in S6k1 −/− mice are, at least in part, due to an angiogenic defect in tumor-infiltrating bone marrow-derived cells, suggesting that S6K1 signaling is required for the angiogenic activity of tumor-infiltrating bone marrow-derived cells. promote tumor angiogenesis by expressing the proangiogenic factor Bv8, also called prokineticin-2 [31] . Therapeutic inhibition of mTOR signaling, however, has been shown to decrease intratumoral accumulation of MDSCs [32] . To determine whether the bone marrow-derived cell population was responsible for the defective angiogenic phenotype observed in S6k1 −/− mice, we first investigated how loss of each S6K isoform affected the mobilization of CD11b 
Loss of S6K1 Decreases Lactate-Induced VEGF Production in Bone MarrowDerived Macrophages Without Affecting Their Infiltration and M2 Polarization in Tumors
TAMs, especially the M2-polarized subtype, have been demonstrated to promote tumor growth and progression by inducing the angiogenic switch in dormant tumors through VEGF production [33] . In addition, mTOR signaling has been shown to be essential for both differentiation of monocytes to M2-polarized macrophages and expression of VEGF in these polarized macrophages [34, 35] . Therefore, we first investigated whether loss of S6K isoforms, especially S6K1, affected the number of TAMs and M2-polarized macrophages in B16F10 and LLC tumors implanted in S6k1 control ( Figure 7 , C and D), but this decrease was not statistically significant (P > .05). These observations imply that the two S6K isoforms are not required for mTOR signaling-based recruitment of macrophages to the tumor bed or their differentiation into the M2-polarized subtype. Through both transcriptional and translational control of HIF-1α, a key transcription factor involved in VEGF expression, mTOR signaling mediates VEGF production in macrophages in response to various stimuli such as tumor-derived lactate and LPS, a Toll-like receptor 4 ligand [36, 37] . Therefore, to examine whether S6K isoforms, especially S6K1, are required for VEGF expression in macrophages in a lactate-enriched tumor environment, BMDMs were isolated from S6k1
, and wild-type mice and assessed for lactate-induced VEGF production as well as the expression of both S6K isoforms (Figures 8 and S3 ). VEGF protein level measured by ELISA revealed that loss of S6K1 but not S6K2 dampened VEGF upregulation induced by lactate treatment compared to the wild-type control in BMDMs ( Figure 8A ). In addition, upon treatment with lactate, BMDMs from S6k1 −/− mice displayed an attenuated increase in Vegf mRNA compared to that observed in S6k2 −/− and wild-type mice ( Figure 8B ), suggesting that S6K1 loss affects VEGF upregulation in macrophages triggered by lactate in a transcription-dependent manner. Indeed, loss of S6K1 was also found to impair VEGF upregulation in BMDMs elicited by combined treatment with LPS and NECA, an adenosine A2A receptor agonist, which are known to stimulate Vegf mRNA transcription by inducing Hif-1α expression in macrophages [38] ( Figure 8C ). Based on the fact that LPS and NECA upregulate Hif-1α by inducing Hif-1α gene transcription and stabilizing Hif-1α mRNA, respectively [38] , our results suggested that S6K1 contributes to lactate-induced VEGF production in BMDMs by increasing levels of HIF-1α in a transcription-dependent manner. To verify that S6K1 is required for the induction of HIF-1α in BMDMs upon exposure to lactate, we investigated whether loss of S6K1 attenuated HIF-1α expression in BMDMs after stimulation with lactate ( Figure 8, D and  E) . Four hours after treatment with lactate, as expected, S6K2 deficiency had no effect on the mRNA level of Hif-1α in BMDMs compared with that in wild-type control cells ( Figure 8D ). However, S6k1 −/− BMDMs showed a significant reduction in Hif-1α mRNA level by approximately 32% as compared to wild-type control cells. In addition, lactate-induced HIF-1α protein expression assessed using immunoblotting was also found to be decreased in S6k1 −/− BMDMs by up to 46% and 44% compared to wild-type controls at 4 and 6 hours of treatment, respectively ( Figure 8E ). These observations suggest that the attenuated VEGF expression observed in S6k1 −/− BMDMs is attributable to a defect in HIF-1α induction triggered by lactate. In addition, together with previously published studies that have demonstrated mTOR-mediated HIF-1α expression [11, 39] , our results imply that S6K1 but not S6K2 is involved in downstream mTOR signaling, resulting in lactate-induced HIF-1α expression in BMDMs. Overall, our data indicate that loss of S6K1 but not S6K2 causes a defect in VEGF production by attenuating Hif-1α activation in BMDMs upon exposure to lactate without affecting their recruitment to the tumor bed and differentiation into proangiogenic M2 subsets. Considering the essential role of TAM-derived VEGF in the angiogenic switch in tumors, our results suggest that the reduced tumor angiogenesis and growth observed in the S6K1-deficient tumor microenvironment are, at least in part, attributable to attenuated VEGF production by TAMs upon S6K1 loss.
Discussion
In mammalian cells, mTOR is a core component of the catalytic subunit of two distinct protein complexes, mTOR complex-1 (mTORC1) and -2 (mTORC2), depending on its binding partners, regulatory-associated protein of mTOR (Raptor) and rapamycin-insensitive companion of mTOR (Rictor), respectively [4] . While mTORC1 has been shown to regulate cell growth and metabolism by mediating protein synthesis and activating metabolic transcription factors through phosphorylation of various downstream targets, including S6Ks, eukaryotic translation initiation factor 4E-binding protein 1, and Lipin-1, mTORC2 has been reported to contribute to cell proliferation and survival by activating targets such as Akt, also known as protein kinase B and protein kinase C [4] , indicating that these two mTOR complexes mediate different biological processes by controlling distinct signaling circuits. In our present study, because systemic administration of mTORC1 inhibitors such as rapamycin and temsirolimus has been shown to suppress tumor growth by both tumor cell-intrinsic and tumor cell-extrinsic mechanisms [7] , we investigated the role of downstream mTORC1 signaling with a special focus on the mTORC1-S6K axis in the tumor microenvironment. To limit the effect of disruption of the mTORC1-S6K signaling pathway in the tumor microenvironment, we adopted mice deficient for each S6K isoform and two different tumor xenograft models, B16F10 and LLC, with intact mTORC1-S6K signaling. Interestingly, S6k1 −/− but not S6k2 −/− mice exhibited significantly suppressed growth of implanted tumors, suggesting that S6K1 but not S6K2 is required to create tumor-promoting conditions in the microenvironment. In addition, similar to what has been observed for therapeutic inhibition of mTORC1 [28] , tumor growth suppression in the S6K1-deficient tumor stroma was accompanied by reduced tumor angiogenesis, suggesting that the mTORC1-S6K1 signaling axis is required for mediating the −/− and wild-type bone marrow-derived macrophages after treatment with 10 mM lactate for 4 and 6 hours. β-Actin served as a loading control, and relative gel density was determined by quantification with densitometry and analysis using ImageJ software. Data are presented as means ± SEM.
angiogenic process in the tumor bed and thus promoting tumor growth. Depletion of S6K2 in the tumor stroma had no observable effect on tumor angiogenesis in mice, implying that S6K2 is dispensable for establishing a proangiogenic tumor microenvironment. To the best of our knowledge, this is the first study to show the effects of systemic depletion of each S6K isoform from the tumor stroma on tumor growth and angiogenesis. Our study also provides additional experimental evidence for the different roles of S6K1 and S6K2 in tumorigenesis. Endothelial cells are major players in tumor angiogenesis, and mTOR signaling is pivotal for mediating the angiogenic activation of endothelial cells by proangiogenic factor, manifested by cell proliferation, tube formation, and sprouting [7] . However, the role of downstream mTOR signaling in controlling the angiogenic function of endothelial cells remains controversial. Previously, it was reported that rapamycin had an inhibitory effect on endothelial cell activation triggered by proangiogenic factors and that this effect was partially reversed by a rapamycin-resistant S6K1 mutant [15, 28] . In addition, suppression of S6K1 activity by a dominant-negative S6K1 mutant was shown to modestly reduce the capacity of human dermal microvascular endothelial cells to promote tumor growth and angiogenesis in human prostate cancer cell-containing Matrigel plugs implanted in chicken chorioallantoic membranes [16] . By contrast, recent studies have demonstrated that inhibition of mTORC2 by Rictor depletion but not that of mTORC1 by either Raptor depletion or rapamycin treatment profoundly abrogated cell proliferation, migration, tube formation, and angiogenic sprouting in mouse and human endothelial cells in vitro as well as angiogenesis in vivo [40, 41] . In addition, conditional deletion of the Rictor gene in mice was shown to significantly reduce the growth of LLC xenografts by attenuating tumor angiogenesis [41] . In parallel with these recent studies, we observed no significant alterations in angiogenic behaviors in primary endothelial cells upon loss of each S6K isoform in vitro and in vivo, further supporting the notion that mTORC1 signaling, especially the mTORC1-S6K axis, is not essential for mediating the angiogenic activation of endothelial cells in the tumor microenvironment. The discrepancy between study findings is presumably due to differential compensation by alternative signaling pathways in different experimental or environmental contexts. Indeed, sustained inhibition of mTORC1 activity by Raptor depletion or rapamycin was shown to decrease S6K1 phosphorylation but increase phosphorylation and activation of Akt1 and protein kinase Cα by mTORC2, leading to vascular assembly and endothelial cell proliferation, respectively [40, 41] . In addition, phosphorylation of S6, a major downstream target of the mTORC1-S6K signaling axis, was found to be maintained by mitogen-activated protein kinase-dependent kinase, most likely p90 ribosomal S6 kinase, in S6k1 −/− ;S6k2 −/− mouse embryonic fibroblasts [17] . Furthermore, rapamycin administration to rats undergoing kainite-induced seizure was observed to have distinct effects on S6 phosphorylation depending on the time of administration [42] . Interleukin-17 derived from tumor cells and tumor-infiltrating T helper type 17 cells stimulates secretion of granulocyte colony-stimulating factor (G-CSF) by TAFs and thus recruits bone marrow-derived cells, including MDSCs and macrophages, from the bone marrow to the tumor bed [25] . In addition, inhibition of mTORC1 has been shown to interfere with intratumoral accumulation of bone marrow-derived cells, especially MDSCs, by reducing the G-CSF level in the tumor bed [32] . In our study, reconstitution with S6K1-deficient bone marrow cells was found to reduce tumor growth and angiogenesis in wild-type recipients, indicating that S6K1 is required to mediate the tumor-promoting function of BMDMs. However, depletion of either S6K1 or S6K2 did not alter the frequency of tumor-infiltrating CD11b + Gr1 high MDSCs and macrophages, suggesting that the mTORC1-S6K axis is dispensable for mediating the interleukin-17-G-CSF signaling cascade. Of interest, while loss of S6K1 did not affect Bv8 production by CD11b + Gr1 high MDSCs in tumors, S6K1-deficient BMDMs exhibited impaired VEGF production in response to stimulation with lactate, which is known to be enriched in the tumor bed and to induce VEGF expression in TAMs. Previous studies have shown that TAM-derived VEGF is critical for the angiogenic switch in tumor progression [33] . Hence, it is likely that the reduced VEGF production by macrophages upon S6k1 inactivation delayed the angiogenic switch in tumors, resulting in tumor growth suppression in S6k1 −/− mice. Growth of B16F10 and LLC xenografts in S6k1 −/− mice was not completely inhibited during the time period monitored; rather, tumors eventually started growing rapidly after 17 and 20 days, respectively, postinjection in those mice, while tumor growth in wild-type mice became exponential at 13 and 15 days, respectively, after injection. This delayed switch from linear to exponential growth of tumors observed in S6k1 −/− mice is similar to the retarded growth of dormant tumors seen in a model of human tumor dormancy until the angiogenic switch [43] . In our study, S6k1 −/− BMDMs displayed significant attenuation of both
Hif-1α mRNA and protein upregulation triggered by lactate. Together with previous findings showing that tumor-derived lactate upregulates VEGF expression in TAMs in an HIF-1α-dependent fashion and that mTORC1 drives Hif-1α expression in both a transcription-and translation-dependent manner [11, 36, 39] , our results suggest that, upon exposure to lactate, S6K1 mediates downstream mTORC1 signaling to induce Hif-1α expression in BMDMs. Impaired VEGF production in S6k1 −/− BMDMs can be attributed to compromised Hif-1α transcription in those cells. Recently, S6K1 has been shown to participate in transcriptional control of gene expression both directly, through phosphorylation of histone H2B followed by enhancer of zeste homolog 2-mediated histone H3 trimethylation, and indirectly, via phosphorylation-mediated activation of transcription factors such as sterol regulatory element binding proteins [11, 12] . In addition, S6K1 depletion was reported to reduce HIF-1α expression induced by mTORC1 activation without affecting translation from Hif-1α 5′UTR in mouse embryonic fibroblasts. Therefore, although further verification of whether S6K1 is dispensable for Hif-1α mRNA translation mediated by mTORC1 signaling in BMDMs is needed, it is likely that S6K1 mediates mTORC1-driven Hif-1α expression in a transcription-dependent but not translation-dependent manner in BMDMs. Overall, we demonstrated that S6K1 but not S6K2 is crucial for establishing a microenvironment that favors tumor growth by mediating the proangiogenic function of bone marrow-derived cells. We also found that S6K1 is required for lactate-induced VEGF production in BMDMs by upregulating Hif-1α expression. Although further investigation is still necessary to determine the role of S6K1 in mTOR-mediated immunosuppression of tumor-infiltrating bone marrow-derived cells, such as regulatory T cells and MDSCs, our findings provide important insight into the role of the mTORC1-S6K signaling axis in the tumor microenvironment. In addition, because S6Ks are considered potential targets for cancer treatment [8] , our results have clinical implications.
